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Abstract. Since the culmination of the Little Ice Age,
Alpine glaciers have been in a state of general retreat. The
present study, focusing on the Swiss Alps between 1850 and
1973, seeks to relate the concomitant rise in equilibrium-line
altitudes (ELAs) to recorded climate shifts. The approach
taken involves the development of a regression model, but
differs from most other studies in that the relationship of
(midlatitude) ELAs to climate is examined at a resolution
such that regional values are treated as individual data-
points. Although such a treatment implies loss of resolution
at small scales, a coherent relationship between climate and
ELA is nonetheless obtained, due in large part to the pri-
mary control exercised by temperature, as well as the rela-
tively wide range of ELAs included in the regression dataset.
The derived relationship is applied to observed Swiss climate
shifts, and is found to predict a secular rise in ELA some-
what greater than that observed. It is hypothesized that the
difference represents climate change that had not yet been
expressed by changes in glacier morphology.

1. Introduction

In a recent comprehensive survey of Swiss Alpine glacia-
tion, Maisch et al. [1999, and pers. comm.] found that ELAs
rose an average of 90m between the Little Ice Age glacial
maximum (locally ca. 1850) and 1973. ELA was determined
by the accumulation-area ratio (AAR) method, using an
equilibrium AAR of 0.67, and the subsample of 549 glaciers
from which the ELA rise was computed included only those
with unbroken longitudinal profiles, presumed to present the
least distorted response to climate shifts. This average over
many points represents a well-constrained regional response
to secular climate change, and offers an opportunity to ex-
amine the glacier-climate link as it applies on the large scale.
To do this, a multiple regression model was developed utiliz-
ing gridded climate variables. The ELA dataset used spans
the 30-60 degree latitude band in both hemispheres, and
was smoothed to approximately the resolution of the cli-
mate data. Since this is comparable to the resolution of
climate models, a useful ancillary result involves ascertain-
ing the degree to which ELAs can be predicted from such
data. The results suggest the possibility of a complementary
statistical approach to the nested-model technique employed
by Hostetler and Clark [1997] in their reconstruction of late
Pleistocene glaciation in the western United States.
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2. Fitting the model

ELA data was gathered from a number of sources, in-
cluding some compilations (see references). To increase ho-
mogeneity of response and minimize the effects of glacier-
climate feedbacks only midlatitude datapoints were consid-
ered. Most glaciated areas in the 30-60 degree latitude band
in both hemispheres are represented, for a population size
of 52. Where descriptions made it possible to differentiate,
only glaciers with unbroken longitudinal profiles were re-
tained in the study. In a number of cases ELA datapoints
for areas at subgrid-scale separation were averaged, in posi-
tion as well as elevation, to produce a resolution comparable
to that of the climate data. The mean observation date is
1976, with a standard deviation of 12.5 years.

The climate variables employed in the regression were
derived from gridded datasets, each having a resolution of
2.5°x2.5°, which, ipso facto, becomes the defining resolution
for this study. It is the spatial variation of ELA and climate
parameters that is employed in developing the regression
model, which utilizes only climatologies. In computing the
expected shift in Alpine ELA, the derived sensitivities are
then applied to the temporal change in Swiss climate param-
eters. We justify this procedure by making only regional
inferences regarding climate. Glaciers are thus treated as in
situ measuring instruments, rather than as globally or even
hemispherically representative climate proxies. Extending
the interpretation of Swiss glacier behavior to these larger
scales would require additional justification, which we do not
offer here. Three climate parameters thought to exercise the
predominant controls on ELA are tested in the regression:
temperature, precipitation and cloud radiative forcing.

Since ELA is an altitude, we introduce temperature in
a comparable form: the height of the atmospheric freez-
ing level. This was computed from the NCEP-NCAR re-
analysis data [Kalnay et al., 1996] for the years 1957-97, by
linear interpolation between geopotential heights bracketing
the zero degree level. Initially, two versions were prepared:
a three-month summer mean (JJA or DJF, depending on
hemisphere) and a six month warm-season mean (Apr-Sep
or Oct-Mar). In preliminary regression experiments the lat-
ter proved to be more effective in explaining variance in
ELA; it alone is retained in the analysis to follow.

Precipitation data were taken from an NCAR climatol-
ogy for the period 1950-79 [Shea, 1986]. The predictor vari-
able was computed in three versions: annual, cold-season
(Oct-Mar and Apr-Sep, in the northern and southern hemi-
spheres, respectively) and warm-season (the complementary
6-month periods).
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An attempt was made to represent the altitude depen-
dence of orographically forced precipitation, by defining a
precipitation variable scaled by the difference between each
ELA and the average land surface elevation in the surround-
ing 3° x 3° box. However precipitation scaled in this manner
was less successful than the unscaled original in explaining
variance in the regression. Since stations tend to be located
at lower altitudes than glaciers, it is likely that a precipi-
tation bias due to altitude alone would be systematic. It
should be noted, though, that topographic controls on pre-
cipitation are complex, and not solely altitude-dependent
[Barry, 1981].

Finally, consideration was given to the effects of differen-
tial cloud cover on the surface radiation budget, by including
a cloud radiative forcing dataset from the Goddard Institute
for Space Studies (GISS). These data [Rossow and Zhang,
1995] were produced by processing cloud distributions ob-
tained from the International Satellite Cloud Climatology
Project dataset [Schiffer and Rossow, 1985] with the ra-
diative transfer code used in the GISS general circulation
model, and cover the years 1985-89. Three versions were
prepared: longwave, shortwave and total radiative fluxes at
the surface, each an annual mean. The fluxes are net, mean-
ing that the effects of surface, as well as cloud albedo are
considered in their computation, but the ice-covered gridbox
fraction is small for most, if not all areas considered. Values
for all climate variables were interpolated to the location of
each ELA datum.

Trends exhibited by plots of ELA vs. predictor variables
(see Figure la for an example) suggested the suitability of a
linear model, which was employed. A best fit was obtained
using only two predictors: warm-season freezing height and
cold-season precipitation, with the coefficient of variation,
r2 = 0.93. The corresponding regression relation reads

ELA =68+ 1.02FH — 0.90PC (1)

where ELA and FH (warm-season freezing height) are ex-
pressed in meters and PC (cold-season precipitation) in mil-
limeters. None of the cloud forcing parameters explained
significant variance; for the moment we set them aside. FH
is clearly the stronger predictor, explaining 89% of the vari-
ance in ELA if used as the only regressor, compared with
58% for PC. The t-statistics for the FH and PC coefficients
are 15.5 and -5.0, respectively, indicating that both are sta-
tistically significant predictors.

Tests were conducted in which one fourth of the popu-
lation (13 datapoints), selected at random, was held out as
a validation dataset, and the regression recomputed using
the remaining points. In ten such trials the squared coeffi-
cient of variation ranged from 0.91 — 0.96 and the squared
correlation coefficient for predicted and observed ELA from
0.87—0.96, indicating that the model shows reasonably good
predictive skill. Regression coefficients were stable, ranging
from 0.98 — 1.07 for the FH and from —0.74 to —0.96 for the
PC coefficient, the somewhat larger spread for the latter
reflecting greater scatter in the precipitation data.

Sutherland [1984] describes a close exponential depen-
dence between annual accumulation and ablation-season
temperature at the ELA for a group of Norwegian glaciers,
and indicates that similar relationships have been found to
hold for other geographical areas. Such a relationship is em-
ployed by Dahl and Nesje [1992, 1996] in the interpretation
of Holocene and Younger Dryas ELA shifts of Norwegian
glaciers. While our regression model utilizes neither of these
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parameters, it is nevertheless worth noting that cold-season
precipitation is in fact correlated to some extent with warm-
season freezing height (r? = 0.43), tending to decrease as
the latter increases. A regression relationship whose precip-
itation term has been eliminated via this dependence does
not show greater predictive skill than one derived from re-
gressing ELA on freezing height alone. On the other hand,
neither is the correlation strong enough to introduce serious
multicollinearity in the regression. These conditions warrant
the retention of the precipitation term in (1).

Dahl and Nesje [1992] have pointed out the importance
of wind-transported snow in depressing cirque glacier ELA,
relative to its regional value. To identify possible bias in the
regression due to this effect, a test was conducted in which
the 17 ELA datapoints provided by Pelto [1992], all of which
were derived from cirque glaciers, were held out as above,
and the remaining sites used to derive a regression equation.
The mean and standard deviation for the prediction error,
which was approximately normally distributed, were 37m
and 317m, respectively. While the sign of the mean error is
suggestive of the effect mentioned by Dahl and Nesje, the
small t-statistic (0.47) indicates that the prediction error is
not significantly different from zero, and thus that the effects
of wind-drifted snow are not important (or equivalently, are
below the noise level) for this dataset.

Departures of ELA from the warm-season freezing height
are shown by offsets from the 1:1 line in Figure 1a. The stan-
dard deviation of the ELA-freezing height difference is 375m,
so warm-season temperatures for most ELAs lie within two
or three degrees of zero. In Figure 1b the effect of precip-
itation in lowering ELAs has been removed, using the PC
coefficient from (1). It can be seen from these plots that de-
viations from the freezing height forced by precipitation are
small, compared with variations in ELA forced by changes
in the freezing height itself. Thus for this dataset temper-
ature appears to exercise the primary control on ELA. Al-
though the offset in Figure 1a might be reduced a priori by
extending the “warm season” (and thus lowering the sea-
sonal freezing line) it was felt desirable from a conceptual
standpoint that ELA be related to temperature over a pre-
sumed ablation season; such a procedure was thus deemed
unnecessarily arbitrary.
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Figure 1. (a) ELA, and (b) Adjusted ELA (with the ef-
fect of cold-season precipitation removed) vs. warm-season
freezing height. The lines have unit slope.
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3. Secular shifts in Swiss ELA

Since there exists no continuous analog, over the time
period of Maisch’s glacier observations, for the radiosonde
data on which the NCEP-NCAR atmospheric temperatures
are based, secular changes in regional warm-season freezing
height are investigated with the aid of station records. A
precipitation history is derived from a gridded dataset of
the same resolution as that used in the regression. Given
the recorded climate changes, the shift in ELA predicted by
the regression model is then compared with that observed.

The Global Historical Climate Network, v. 2 database
[Peterson and Vose, 1997] contains six long station temper-
ature records for the region 6-11E, 45.5-48N (Table 1), an
area of gridbox scale covering most of Switzerland. These
stations are located either in mountain settings or to the
north of the Alpine chain, rather than in the Mediterranean
climate domain to the south. A principal component analy-
sis of their warm-season temperatures over the common pe-
riod of record (1887-1973) identified a leading EOF account-
ing for 90% of the temporal variance in the data. Loadings
for the individual records on this EOF (expressed as corre-
lations) range from 0.91 — 0.97, indicating the presence of a
coherent regional signal.

Secular temperature trends among the stations were
found to vary systematically with elevation. The 1850-
1973 plot (Figure 2a) spans a time interval corresponding
to Maisch’s ELA observations, but includes only the four
longest records; Figure 2b, which includes two additional
stations but only covers the period 1887-1973, is shown in or-
der to substantiate the observation of increasing trend with
altitude. To investigate temperature changes it is thus nec-
essary to consider a trend at the appropriate elevation. Since
the observations imply warm-season freezing heights some-
what below 2700m over the comparison interval, the record
from station St. Bernard is most representative in this re-
gard. This record shows a trend for the 1850-1973 period of
+0.66°C./century, amounting to a shift of 0.82°C. between
the nominal endpoints of Maisch’s interval of observation.
The Apr-Sep lapse rate between 850 and 700mb (ca. 1500-
3000m elevation), interpolated to the center of the Alpine
chain from the gridbox values at 45 and 47.5N, 7.5 and 10E
is 6.2°C./km, as derived from the NCEP-NCAR data used
in the regression, averaged over the years 1958-73. Figure
2a implies a slightly steeper lapse rate, about 6.4°C./km, for
1850. With these lapse rates, the St. Bernard temperature
trend, as interpreted by the regression relationship, would
produce an ELA rise of 153m over the interval of interest,
not taking precipitation changes into account.

A regional precipitation record was derived from the
dataset of Dai et al. [1997], again by interpolating gridbox
values from 7.5 and 10E, 45 and 47.5N to a central position

Table 1. Stations with long temperature records in the
region 6-11E,45.5-48N.

Station Lat Lon Elev Years of

(N) (E) (m) record
Basel 47.6 7.6 380 1755-1980
Geneva 45.7 6.9 107 1768-1997
Hohenpeissenberg 47.8 11.0 986 1781-1981
Séntis 47.3 9.4 2500 1883-1991
St. Bernard 45.7 6.9 2460 1818-1985
Ziirich 47.4 8.6 556 1864-1997
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Figure 2. Temperature trend vs. altitude, (a) 1850-1973,
for the four longest records, and (b) 1887-1973 for all six
records. Both plots show trends increasing with elevation.

in the Alpine belt. For the period 1850-1973 this record
shows a cold-season precipitation trend of +35mm/century,
for a total change of 43mm. As mediated by the regression
equation, this would reduce the predicted ELA rise to 114m,
or 24m greater than the value given by Maisch. In the pres-
ence of an altitudinal gradient modern glaciers would receive
greater precipitation, relative to that recorded by stations,
than their 1850 incarnations, since their surfaces would have
higher mean altitudes. Assuming this increase could be cal-
culated, taking it into account would tend to lower the pre-
dicted ELA rise. However since the attempt to parameterize
orographic precipitation (through the use of the scaled pre-
cipitation variable) was not successful, the resolution of such
effects must be deemed beyond the capability of the present
model.

Standard errors for the freezing height and precipitation
coeflicients are 0.067 and 0.18m/mm respectively, producing
a standard error for the predicted ELA shift of 25m. For the
observed shift, Maisch gives the sample standard deviation
as 56m. When the many degrees of freedom associated with
each estimate are taken into account, prediction and obser-
vation are found to differ at a very high confidence level.
Thus the model is found to overpredict the observed ELA
shift. Taking trend uncertainties into account as well (but
assuming that FH and PC will tend to increase or decrease
together, as suggested by the data) approximately doubles
the standard error of the predicted shift, but does not alter
this conclusion.

The adjustment of AAR-determined ELAs to changes in
climate is mediated by ice flow, and necessarily involves a
lag, or response time. For Swiss Alpine glaciers a reason-
able estimate of the response time would be one to a few
decades [Jéhannesson et al., 1989,0erlemans and Fortuin,
1992]. This is not a well-constrained parameter, but we note
that a response time of 24 years would be just sufficient to
bring predicted and observed shifts into agreement. Accept-
ing this as a reasonable value for the effective adjustment
time of Swiss Alpine glaciers provides the required closure
in the reconciliation of regional post-LIA climate and ELA
shifts.
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4. Summary and conclusions

The regression model indicates that the primary force
driving the retreat of Swiss glaciers between the LIA maxi-
mum and 1973 was a rise in temperature, manifested as an
increase in the atmospheric freezing height. A precipitation
increase of about 10% produced a compensating effect, re-
ducing the magnitude of the ELA rise by about one fourth.
Only a portion of the inferred ELA shift had been realized
as change in glacier geometry, and thus in AAR-determined
equilibrium-line altitudes by 1973, owing to the finite adjust-
ment time of glaciers, which we estimate as 24 years. The in-
crease in temperature has apparently been more pronounced
at higher elevations, implying a reduction of regional lapse
rates over this period.

The strong coupling of ELA and warm-season freezing
height is not totally unexpected, but it is satisfying that the
relationship is here obtained from quite independent sources:
ELAs from an assortment of field reports, and climate in-
formation from contemporary datasets. The effectiveness of
precipitation as a predictor is somewhat reduced in this set-
ting because of its variability on shorter spatial scales than
temperature, and the consequent loss of information when
averaging is carried out on the grid scale.

It has been implicitly assumed that glaciers respond di-
rectly to long-term trends, since these represent variation on
time scales that are long compared with the glacier response
time. However climate fluctuations may be considerable on
intermediate time scales as well, some of which may be com-
parable to the response time. Thus it is probably unrealistic
to assume, in effect, that the memory of glaciers extends all
the way back to the culmination of the LIA, although this
may be case for some of the larger ice bodies.

Cloud radiative forcing variables show negligible effect in
explaining variance in ELA, probably because they are not
truly independent. The best-correlated cloud variable (long-
wave) explains 13 percent of the variance in ELA if used
as the only regressor, but is also somewhat correlated with
warm-season freezing height (r = —0.46). When combined
in the regression (even without precipitation) the latter cap-
tures most of the available variance. Observations suggest
that the radiative effects of differential cloud cover may well
be present, but are probably small [see, e.g., Hastenrath,
1981]. Lastly, the dataset employed may be somewhat noisy,
since it spans a comparatively short time.

Acknowledgments. The authors would like to thank
Alexey Kaplan and Doug Martinson of L-DEO, Cavan Reilly of
the Columbia University Statistics Department and Tony Del Ge-
nio, Jim Hansen and Reto Ruedy at the Goddard Institute for
Space Studies for helpful discussions and suggestions. Financial
support for this research was provided by the Climate Dynam-
ics Program of the National Science Foundation (grant ATM-97-
30546).

References

(* ELA data source)

Barry, R.G., Mountain Weather and Climate, 313pp., Methuen,
London, 1981.

*Burbank, D., Late quaternary snowline reconstructions for the
southern and central Sierra Nevada, California and a reassess-
ment of the “Recess Peak Glaciation”, Quat. Res., 36, 294-306,
1991.

Dahl, S.O., and A. Nesje, Paleoclimatic implications based on
equilibrium-line altitude depressions of reconstructed Younger
Dryas and Holocene cirque glaciers in inner Nordfjord, western
Norway, Palaeogeogr., Palaeoclimatol., Palaeoecol., 94, 87-97,
1992.

GREENE ET AL.: SWISS GLACIER RECESSION AND CLIMATE CHANGE

Dahl, S.O., and A. Nesje, A new approach to calculating Holocene
winter precipitation by combining glacier equilibrium-line alti-
tudes and pine-tree limits: a case study from Hardangerjgkulen,
central southern Norway, The Holocene, 6, 381-398, 1996.

Dai, A., I. Fung and A.D. Del Genio, Surface observed global land
precipitation variations during 1900-88, J. Climate, 10(11),
2943-2962, 1997. This dataset has been extended to 1850, and
can be found at http://www.giss.nasa.gov

Hastenrath, S., The glaciation of the Ecuadorian Andes, 159pp.,
Balkema, Rotterdam, 1981.

Hostetler, S.W., and P.U. Clark, Climatic controls of western
U.S. glaciers at the last glacial maximum, Quat. Sci. Rev., 16,
505-511, 1997.

*Huybrechts, P., P. de Nooze and H. Decleir, Numerical mod-
eling of glacier d’Argentiére and its historic front variations,
in Glacier Fluctuations and Climatic Change, (J. Oerlemans,
ed.,) 373-389, Kluwer, Dordrecht, 1989.

*TAHS(ICSI)/UNEP/UNESCO, Glacier mass balance bulletin
no. 4, (Haeberli, W., M. Hoelzle, and S. Suter, eds.,) World
Glacier Monitoring Service, University and ETH Ziirich, 1996.

Jéhannesson, T., C.F. Raymond, and E.D. Waddington, A sim-
ple method for determining the response time of glaciers, in
Glacier Fluctuations and Climatic Change, (J. Oerlemans,
ed.,) 343-352, Kluwer, Dordrecht, 1989.

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven,
L. Gandin, M. Iredell, S. Saha, G. White, J. Woollen, Y. Zhu,
A. Leetmaa, R. Reynolds, M. Chelliah, W. Ebisuzaki, W. Hig-
gins, J. Janowiak, K.C. Mo, C. Ropelewski, J. Wang, R. Jenne,
D. Joseph, The NCEP/NCAR 40-year reanalysis project, Bull.
Am. Meteorol. Soc., 77(8), 437-471, 1996.

*Kurter, A., Glaciers of Turkey, in Satellite Image Atlas of
Glaciers of the World, (R. Williams Jr. and J. Ferrigno, eds.,)
pp. G1-G30, U.S. Geol. Survey Prof. Paper 1386-G, 1991.

Maisch, M., A. Wipf, B. Denneler, J. Battaglia, and C. Benz, Die
Gletscher der Schweizer Alpen, 385pp., NFP 31-Teilprojekt
Nr. 4031-033412, Universitat Zirich, vdf Hochschulverlag AG,
ETH Ziirich, in press, 1999.

*Miller, F.B., Fluctuations of Glaciers, 1970-1975, International
Association of Hydrological Sciences, Permanent Service on
the Fluctuations of Glaciers of the IUGG-FAGS/ICSU 111,
269pp., 1977.

*NSIDC (National Snow and Ice Data Center), Eurasian glacier
inventory, University of Colorado, Boulder, 1995. Digital data
available from nsidc@kryos.colorado.edu.

Oerlemans, J., and J.P.F. Fortuin, Sensitivity of glaciers and
small ice caps to greenhouse warming, Science, 258, 115-177,
1992.

*Pelto, M., Equilibrium line altitude variations with latitude, to-
day and during the late Wisconsin, Palaeogeogr., Palaeoclima-
tol., Palaeoecol., 95, 41-46, 1992, and references cited therein.

Peterson, T.C. and R.S. Vose, An overview of the global historical
climatology network temperature database, Bull. Am. Meteo-
rol. Soc., 78(12), 2837-2849, 1997.

Rossow, W.B. and Y.-C. Zhang, Calculation of surface and top
of atmosphere radiative fluxes from physical quantities based
on ISCCP data sets: 2. Validation and first results, J. Geo-
phys. Res., 100, 1167-1197, 1995.

Schiffer, R.A. and W.B. Rossow, ISCCP global radiance data set:
A new resource for climate research, Bull. Am. Meteorol. Soc.,
66, 1498-1505, 1985.

Shea, D., Climatological atlas: 1950-1979, 35pp. plus maps,
NCAR, Boulder, Colorado, 1986.

Sutherland, D., Modern glacier characteristics as a basis for in-
ferring former climates with particular reference to the Loch
Lomond stadial, Quat. Sci. Rev., 3, 291-309, 1984.

W. S. Broecker, A. M. Greene: Lamont-Doherty Earth Ob-

servatory of Columbia University, Palisades, NY 10964. e-mail:
amg@ldeo.columbia.edu. D. Rind: NASA Goddard Space Flight
Center, Institute for Space Studies, New York, NY 10025.

(Received February 18, 1999; revised May 10, 1999;
accepted May 13, 1999.)



